The local electronic structures of La2CuO4, three members of the Yttrium-family (YBa2Cu3O6, YBa2Cu3O7, and YBa2Cu4O8), and to some extent of Nd2CuO4 have been determined using allelectron ab-initio cluster calculations for clusters comprising up to thirteen planar copper atoms associated with their nearest planar and apical oxygen atoms. Spin-polarized calculations in the framework of density functional theory have enabled an estimation of the superexchange couplings J. Electric field gradients at the planar copper sites are determined and their dependence on the occupation of the various atomic orbitals are investigated in detail. The changes of the electronic field gradient and of the occupation of orbitals upon doping are studied and discussed. Furthermore, magnetic hyperfine fields are evaluated and disentangled into on-site and transferred contributions, and the chemical shifts at the copper nucleus are calculated. In general the results are in good agreement with values deduced from experiments except for the value of the chemical shift with applied field perpendicular to the CuO2-plane.
I. INTRODUCTION
The discovery 1 of high temperature superconductivity has initiated great experimental and theoretical efforts which aimed at a detailed understanding of these materials. Nevertheless, a generally accepted theory which explains at least the most important properties of the high temperature superconductors could not yet be presented which is possibly related to the complex electronic structures of these materials.
Therefore, very early on ab-initio methods have been employed to determine the electronic properties of these materials. Mostly, band-structure techniques have been employed which are reviewed in Ref. [2] . In our contrasting approach to electronic structure calculations, we use cluster techniques in the framework of spin-polarized density functional theory with localized basis functions which are especially well suited for the calculation of local properties.
In particular, the cluster method has been successfully applied to the determination of charge and spin-density distributions in the cuprate plane and to a reasonably accurate evaluation of electric field gradients and magnetic hyperfine fields for planar copper and oxygen nuclei in La 2 CuO 4 and YBa 2 Cu 3 O 7 using clusters comprising five planar copper and their nearest neighboring planar and apical oxygen atoms 3, 4 .
In this work, these calculations are extended to include clusters representative of La 2 CuO 4 , YBa 2 Cu 3 O 6 , YBa 2 Cu 3 O 7 , YBa 2 Cu 4 O 8 , and to some extent of Nd 2 CuO 4 . The development of both hard-and software has led to a significant improvement of the quality of our calculations by use of larger clusters comprising up to thirteen planar copper atoms. This allows a careful study of the convergence of the calculated local properties with respect to the cluster size.
The paper is organized as follows: We will first outline the cluster technique and introduce the used clusters in Sec. II. Sec. III is devoted to a discussion of the spin distribution and contains estimations of exchange couplings in the cuprates. In Sec. IV we report on the calculation of electric field gradients (EFG) at the planar copper sites in the different cuprates. The convergence of the results with respect to the cluster size is demonstrated and the various contributions of the molecular orbitals (MO) and atomic orbitals (AO) to the EFG are elucidated. The calculated distribution of charges and holes reveals that the 3d 3z 2 −r 2 AO of the copper is not fully occupied. The doping dependence of these distributions and of the EFG are evaluated and compared to nuclear quadrupole resonance data. Sec. V contains a careful examination of hyperfine parameters and their disentanglement into onsite and transferred contributions. Calculations of chemical shieldings are presented in Sec. VI and in particular, the role of the reference substance for magnetic shifts of the copper is discussed. The paper is terminated with the summary and conclusions in Sec. VII.
II. THE CLUSTER TECHNIQUE
The idea of the cluster technique is to select a contiguous region out of the solid and to treat the electrons therein with standard many-body theories. This so-called core region is surrounded by a shell of basisfree pseudopotentials which prevent the electrons to be attracted by positive point charges and provide smooth boundary conditions. The core and the boundary regions are embedded in a large lattice of background point charges to ensure a very good approximation for the Madelung potential. In the case of the two undoped parent compounds, La 2 CuO 4 and YBa 2 Cu 3 O 6 , the values chosen for the background point charges are based on the formal valence of the constituents. In clusters representative of YBa 2 Cu 3 O 7 and YBa 2 Cu 4 O 8 the formal valences had to be slightly modified to reach charge neutrality.
The calculations were performed in the framework of spin-polarized density functional theory which provides a good trade-off between accuracy and computational cost. (Hartree-Fock theory, which completely neglects correlation effects, yields poor results. In contrast, configuration interaction methods, which correctly include both exchange and correlation effects in their Hamiltonian, require enormous computer resources and are currently prohibitive for the cluster sizes considered here.) For the representation of the exchange and correlation functionals, the potentials of Becke 5, 6 and Lee, Yang, and Parr 7 , have been used. All atoms in the core region of the clusters employ the standard triple zeta basis sets (6-311G) . For the determination of the ground state of the many-electron system and the evaluation of the observed quantities, the Gaussian03 quantum chemistry software package 8 was used. It is desirable to have as many atoms as possible in the core region, but the available computer resources and the convergence of the self-consistent field procedure are the limiting factors in this respect. As already mentioned, these limits have been pushed further since our first use of the cluster technique (see Ref. [9] ) which now allows to use larger clusters including up to nearly 1000 electrons.
In this work we present results for clusters comprising 5, 9, and 13 planar copper atoms together with their nearest planar and apical oxygen atoms for clusters representative of La Table II the constitutive properties of all the used clusters for every substance are listed. The layout of the CuO 2 plane for the three cluster sizes is displayed in Fig. 2 . The lattice constants and the positions of the atoms in the unit cells for the three clusters of the Y-family were chosen according to experimental structure determinations and are taken from Refs. [10, 11, 12, 13] . The buckling of the planar oxygen atoms is not shown in Fig. 2 . For La 2 CuO 4 , the calculations were performed for the tetragonal structure with lattice constants a = b = 3.77Å, c = 13.18Å and atomic positions according to Ref. [10] .
III. SPIN DISTRIBUTION
Within the spin-polarized formalism, the spin multiplicity M of a cluster is free parameter of the calculation. In a simple ionic picture, the planar copper and oxygen atoms have a valence of +2 and −2, respectively. This leads to a 3d 9 configuration for the copper atom with a total spin of one half whereas the oxygen valence gives zero total spin. This suggests two choices of spin multiplicities with a physical significance, a "ferromagnetic" spin multiplicity with all spins parallel and an "antiferromagnetic" spin multiplicity with two neighboring spins being antiparallel. However, other spin multiplicities are also possible leading to spin alignments which can be Cu5O26 31 42 395 533  La2CuO4  Cu9O42 51 62 663 897  Cu13O62 75 78 991 1313  Cu5O21 26 194 345 468  YBa2Cu3O6 Cu9O33 42 62 473 780  Cu13O49 62 86 841 1144  Cu5O21 26 37 345 468  YBa2Cu3O7 Cu9O33 42 62 473 780  Cu13O49 62 86 841 1144  Cu5O21 26 37 345 468  YBa2Cu4O8 Cu9O33 42 53 473 780 Cu13O49 62 73 841 1144 viewed as superpositions of an antiferromagnetic and a ferromagnetic spin state. We anticipate that the calculated total energy is always lowest for M that corresponds to an antiferromagnetic alignment. In Table III Numbers in bold face denote multiplicities leading to an "antiferromagnetic" (4, 2, and 6) and a "ferromagnetic" (6, 10, and 14) spin alignment. Note that the possible spin multiplicities are determined solely by the number of planar copper atoms and are therefore independent on the specific material.
In Fig. 2 the spin density along the planar Cu-O bonds is drawn for the large Cu 13 cluster representative of YBa 2 Cu 3 O 6 in the case of M = 14 corresponding to the ferromagnetic spin alignment (upper panel) and in the case of M = 6 corresponding to the antiferromagnetic spin alignment (lower panel). The total energy for the latter spin multiplicity is 2.9 eV lower than that of the former. The double humps at the copper positions originate from the approximately singly occupied 3d x 2 −y 2 atomic orbital. The spins of neighboring coppers are indeed parallel for the ferromagnetic case and antiparallel for the antiferromagnetic case thus confirming the simple physical picture given above. It is important to note that these spin density distributions are obtained also in the smaller clusters and in the other substances considered. A close inspection of the values at the copper sites (upper panel) shows a difference between the three inner coppers and the two coppers at the borders. This is due to the fact that the latter have only one nearest-neighbor (NN) Cu ion which implies a single transferred hyperfine field (B > 0) whereas the formers have 4 NN leading to 4B. This will be further discussed in detail in Sec. V A. Furthermore, the ground state energy of the antiferromagnetic spin alignment is consistently lower than that of the ferromagnetic spin alignment. This important feature of our cluster method can be exploited to investigate on the exchange couplings in the different materials.
The Heisenberg Hamiltonian is given by
where the summation is restricted to pairs of indices (i, j) with the corresponding sites being nearest neighbored (and with j > i to avoid double counting). For a given material and cluster size, we can obtain ground state energies E M and ground state wavefunctions ψ M (r, σ) = φ M (r)χ M (σ) for any of the allowed multiplicities M (see Table III ). This is, however, not sufficient for a determination of J since χ M | S i ·S j |χ M is in general not easy to determine. However, for a two spin state, the Heisenberg model has an exact solution with χ 3 | S 1 · S 2 | χ 3 = 3/4 and χ 1 | S 1 · S 2 | χ 1 = −1/4. This leads to the following idea:
We replace the expectation values of the spin operators in the Heisenberg Hamiltonian by the product of the Mulliken spin densities at the respective lattice sites,
with the requirement that in the triplet state of the twospin system
with a reduction factor α.
(Note that the name "spin density" might be misleading. It is in fact not a spin density, but an integrated spin density, i.e. a spin. Nevertheless, we persevere with this term which is commonly used in quantum chemistry.) With clusters comprising only two planar copper atoms, we determined ρ 3 s (Cu i ) = 0.67 for both copper sites which yields α = 2.23. This reduction of the spin density from its value in an ionic model (ρ 3 s (Cu i ) < 1) is due to the fact that also the planar oxygen atoms carry a small amount of spin density. It has nothing to do with the reduction of the mean magnetic moment in the Heisenberg model by quantum fluctuations. We thus arrive at the following modified Heisenberg-type equation for the determination of J:
In Fig. 3 the ground state energy is plotted versus Σ for the different spin multiplicities M in the case of the large Cu 13 cluster representative of La 2 CuO 4 . A straight line with slope αJ = 350 meV can be fitted. The results of this fit are given in Fig. 4 
IV. ELECTRIC FIELD GRADIENTS

A. Outline
Electric field gradients (EFG) are extremely sensitive to the (non-spherical) charge distributions around the nucleus of interest. In the past twenty years a large quantity of nuclear quadrupole resonance data has been accumulated for high-temperature superconducting cuprate compounds. Of particular interest are the EFGs at the planar copper site and their changes upon doping since they reflect the local charge distribution and provide insight into the population of the different atomic orbitals.
We have already published calculated values for the EFGs in La 2 CuO 4 , YBa 2 Cu 3 O 7 , and Nd 2 CuO 4 obtained for clusters with five copper atoms (N = 5) in the plane (see e.g. Refs. [3, 4] ). In this paper we add results for larger clusters (N = 9 and 13) and report in addition results for YBa 2 Cu 3 O 6 and YBa 2 Cu 4 O 8 .
In subsection IV B we first investigate on the influence of finite size effects. Next (subsection IV C) a detailed analysis of the contributions to the copper EFG in terms of molecular orbitals is presented. We then postulate in subsection IV D an approximate relationship between the copper EFG values and the partial atomic Mulliken charge populations of the orbitals 3d x 2 −y 2 and 3d 3z 2 −r 2 . Although approximate within about 10 % only, this provides insight into the EFG differences observed in different compounds as well as their changes upon electron or hole doping. The latter relationship is discussed in subsection IV F.
In subsection IV G the theoretical results are compared to experimental data and an extended discussion about the interpretation of the results is presented. In addition, we have calculated the EFG value for a La 2 CuO 4 cluster with an even number (N = 12) of copper atoms without spin polarization (singlet state with M = 1). As seen in Fig. 5 this value is very close to those calculated for M = 9 and 13.
We further note that V zz is given in atomic units (1 a.u. corresponds to 9.71525 × 10 21 V m −2 ). A comparison to experiments will be made in subsection IV G.
C. Detailed analysis of contributions
In this subsection we first analyze the various contributions to the copper EFG in detail. It will be shown that the values of the EFG are not solely determined by the occupancies of the 3d x 2 −y 2 atomic orbital as is often assumed in simplistic models.
The charge distribution is determined by the occupied MOs. The m th MO is represented as a linear combination
of n K atomic basis functions B K,k centered at the nuclear sites K = 1, . . . , n, and the c K,k m are the MO coefficients. We assume in the following that the target nucleus K T is at R KT = 0. The contribution of the MO φ m to the EFG at K T is given by the matrix element
This matrix element contains contributions from basis functions centered at two nuclear sites K and L. Thus we can identify three types of contributions: (i) on-site terms from basis functions centered at the target nucleus (K = L = K T , contribution I), (ii) mixed on-site offsite contributions (II), and (iii) purely off-site terms with
In addition, there is a contribution coming from all nuclear charges Z K and all point charges mentioned in Sec. II which we denote by
where W ij refers to nuclei in the core region of the cluster and W pc ij to the point charges outside this core. The charges of the bare nuclei at sites K = K T in the core are screened by the matrix elements of contribution III with K = L = K T . Therefore the combined contributions from III and the nuclei (W ij ) are small. The partitioning of the contributions to the EFG tensor V ij thus reads
More details about these regional partitions can be found in Ref. [18] . In Table III the contributions to the EFG component V zz for the copper in the center of the Cu 13 clusters representative for Nd 2 CuO 4 , YBa 2 Cu 3 O 7 , and La 2 CuO 4 are collected. As expected, the values from region III and W as well as those from point charges outside the core region are small. However, mixed on-site off-site contributions (region II) are substantial. They are mainly transferred via the on-site 3d 3z 2 −r 2 orbital which has a non-negligible overlap with the 2p z orbitals of the four surrounding planar oxygens. The on-site terms (region I) contain values which come from terms in the evaluation of matrix elements (6) where one basis function is s like and the other d like. Their contribution is denoted by R in Table V . Also the contributions from the Cu p type orbitals are substantial due to the large r −3 values. The occupancies of the three d orbitals with t 2g symmetry are close to 2 so that their combined contribution to V zz is small. As expected, the distinguished AO is the 3d x 2 −y 2 with a polarization of 70 % accompanied with smaller but still significant polarization in the orbital 3d 3z 2 −r 2 .
D. Model
As pointed out above, a rigorous explanation for the variation of the copper EFG values in different cuprates is very complicated. A simple explanation, however, which concentrates on the two most relevant orbitals, is given in this subsection.
Previously, we have investigated in Refs. [19, 20] the changes of the copper EFG values that occur upon doping in La 2 CuO 4 and in Nd 2 CuO 4 . We found that it is sufficient to concentrate on those MOs which contain partially occupied 3d x 2 −y 2 and 3d 3z 2 −r 2 AOs at the target nucleus. The EFG is then given by
where S is the contribution from all other orbitals and regional partitions. The values for r −3 calculated for the different 3d atomic orbitals are almost identical (e.g. r −3 3z 2 −r 2 = 8.004 a.u. and r −3 x 2 −y 2 = 8.042 a.u.) and therefore are replaced by the average < r −3 >= 8.020 a.u.. We further note that the partial occupation numbers N of the AOs are very similar to the partial Mulliken populations p c which are gathered in Table IV. In particular, the differences
and
are very similar. In Fig. 6 we therefore plot the calculated copper EFG component V zz versus ∆ d . The straight line corresponds to
which emphasizes the quality of the model. The atomic Mulliken charges ρ for the central copper and neighboring oxygen atom in La 2 CuO 4 as calculated for the Cu 13 with spin multiplicity M = 6 are The corresponding values for the four units surrounding the central one are
while those of units at the boundary of the core region differ at most by one percent due to finite size effects.
We define
where 6 accounts for the charges of the two La ions in the unit cell. We obtain ρ 0 (3) = −0.012 that is close to zero which emphasizes the suitability of these clusters to represent the local conditions of atoms in the crystal. This point cannot be overstressed since it also means that there is now also confidence in the partial Mulliken populations of the individual orbitals which have been studied in detail elsewhere [22] . The partial Mulliken populations of those AO which differ from 2 by more than 0.02 are given in Table V and are visualized in Fig. 7 where the area in yellow (gray on top) accounts for an intrinsic hole of 1.5 missing electrons which is compensated by the occupancy of the 4s orbital. All attempts to deduce the distribution of holes which do not take into account the 4s orbital are very questionable and misleading. Black symbols denote 4s (circles), 3d x 2 −y 2 (diamonds), and 3d 3z 2 −r 2 (triangles up), 2 × p(Op(2pσ)) for the planar oxygens (squares), and 2 × p(Oa(2pz)) for the apical oxygens (triangles down). The light gray (yellow) tinted areas denote the missing charge against the simple ionic model. The ionic picture which assigns charges of +3(La), +2(Sr), +2(Cu), and −2(O), respectively is a reasonable approximation for the out-of-plane La-and apical O a -atoms. The copper and the planar oxygen atoms, however, are rather covalently bound and the relation between charge and hole transfer is not trivial. A Mulliken charge population analysis [22] attributes a charge of 1.16 to the copper and −1.64 to the planar oxygens but 40% of the hole is transferred to the oxygens leaving 60% on the copper. Since a hole transfer is accompanied by an electron charge transfer in the opposite direction it is concluded that of the total of 0.84 electrons transferred from the oxygen to the copper, 0.40 electrons are accounted for the hole transfer. The remaining 0.44 electrons almost correspond exactly to the Mulliken 4s orbital population. The discrepancy of 0.05 electrons can be attributed to secondary interactions which also involve the 3d 3z 2 −r 2 and the 2p z apical oxygen orbitals. The substantial occupation of the Cu 4s orbital is responsible for the existence of the hyperfine field transferred from the four next nearest copper atoms which is revealed by NMR experiments.
F. Doping dependence
The measured copper quadrupole frequencies generally increase with hole doping. In particular, in La 2−x Sr x CuO 4 , the slope of this increase is reported in 23, 24, 25 to be in the range of 0.56x to 0.7x. It is of utmost interest to deduce the redistribution of charges that occurs upon doping from these data. This is, however, a complex task because the doped holes will also change the lattice parameters and atomic positions in the unit cell which in turn influence the EFG.
Ab-initio calculations of doping-induced charge redistribution have been reported by Ambrosch-Draxl et al. [26] for the compound HgBa 2 CuO 4+δ . They employed the full-potential linearized augmented planewave method and used a series of supercells containing one excess oxygen atom. In principle, total-energy and atomic-force calculations can also be performed for small clusters. They are not feasible, however, for large clusters. We therefore report in the following on investigations of doping dependence with lattice parameters and atomic positions kept fixed at values corresponding to the undoped compound La 2 CuO 4 . The results are therefore only reliable for small doping, i.e. they should be considered to describe the (linear) slope of changes around the undoped material. We will turn back to changes in the atomic positions at the end of this subsection.
The method of cluster calculations would also enable the study of changes in the local electronic structure that occur by replacing e.g. a trivalent La by a bivalent Sr. These inhomogeneous changes, however, are not the subject of the present investigation where we simulate the long range effects of doping (delocalized holes or electrons) by two different approaches. First we introduce additional point charges at the periphery of the cluster to place an electric field across the cluster to move charges toward or away from the atoms of interest in the cluster center. In this so called "peripheral charges method", the added system of charges has no physical interpretation except that it can be continuously altered so that charge can be progressively directed to or extracted from important ions of interest in the cluster. The cluster and the system of charges in total keep the same number of electrons and spins but, using for instance a Mulliken population analysis approach, the charge of the cluster center can be progressively changed in a manner expected by doping. In the second approach of simulating doping we have added or removed two electrons from the cluster and repeated the calculation. Changing the number of electrons by an even number allows us to keep the spin state. To discuss the EFGs for doped La 2 CuO 4 we define
where the Mulliken charges refer to the central unit and ρ(La) = 3. For the undoped Cu 13 cluster with spin multiplicity M =6 we obtain ρ 0 (3) = −0.012 as discussed above. In 
and subtracting two electrons, respectively. The triangles denote results obtained with the peripheral charge method [19] . All values have been calculated for multiplicity M =6.
The slope of the increase of V zz at d = 0 is 1.12. An analysis of the populations of the frontier orbitals is shown in Fig. 9 . For small d(3) but with increasing (hole) doping p c (3d 3z 2 −r 2 ) is increased but reaches a maximum at d(3) = −0.056 while p c (3d x 2 −y 2 ) is decreased and has a minimum at 0.066. Using Eqs. (9), (10) and (12), the dashed line in Fig. 8 shows the calculated V zz .
An analysis of the charges in the occupancies upon doping exhibits that an additional extrinsic hole goes to 15 % to the 3d x 2 −y 2 AO, to 2 × 18.7 % = 37.4 % to the two O p 2p σ AO, to 7 % to the 3d 3z 2 −r 2 AO and to 2 × 18.7 % = 37.4 % to the two O a 2p z AO, while the 4s remains practically constant.
It is instructive to compare these results with those obtained in Ref. [26] for HgBa 2 CuO 4+δ . Although the calculational procedures are quite different the essential conclusions are the same. We first define
as the charge of the planar orbitals and correspondingly d(2) = ρ(2) − ρ 0 (2) as the derivation from the undoped case. We get
which is to be compared with ρ(2) = 0.55 ρ(3) in Ref. [26] . Thus in both cases the removal of an electron by a dopant atom in the intra-layer induces only half a hole in the CuO 2 plane. The calculated changes of the occupancies of the individual orbitals are somewhat different. For HgBa 2 CuO 4+δ a decrease of 35 % for p c (3d x 2 −y 2 ) was reported whereas our value for La 2 Cu 3 O 4 is 15 %. This is compensated by a smaller decrease of 20 % for 2 × p c (2p σ ) compared to 37 %. These differences are, however, of not too much relevance since the assignment of the charge to AO in covalent bonds is anyhow somewhat arbitrary. The turn-over of V zz in Fig. 8 and in the occupancies in Fig. 9 may well be an artefact of the not appropriately adjusted changes in the atomic positions. It should be pointed out, however, that in the calculations of Ambrosch-Draxl et al. [26] where these positions have been adjusted, the initially linear changes stop at a doping concentration d(3) = 0.22 and remain constant at higher d(3) values which indicates a saturation of the planar hole content at 0.12.
The essential question now is whether these theoretically predicted redistributions of charges can be corroborated by experimental facts. The slope of increase of V zz of 1.1 is too large compared to the data. We may explain this partially with arguing that the lattice parameter a shrinks upon doping. While it is not feasible to determine the ground-state energy of all atoms with cluster calculations, it is straightforward to study the changes if a single parameter is varied and the results are reliable since relative changes are involved. We have previously reported 27 on the changes that occur when the lattice parameter a for a cluster representative of La 2 CuO 4 with 5 atoms is varied and found that when a shrinks by 1 % the EFG value V zz is reduced by ≈ 10.7 %. Assuming a reduction of a by 4 % upon doping, according to data presented in Ref. [28] , we get a reduced slope of V zz of 1.12 − 0.43 = 0.69, which is (very) close to the experimental value. Notice, however, that this argumentation neglects the variation of V zz due to small changes of the positions of the atoms in the c-direction, in particular those of the apex oxygen and of the La ions.
G. Comparison with NQR experiments
For a nuclear spin 3/2, the connection between NQR frequencies 63 ν Q and the main component V zz of field gradients in the case of axial symmetry is given by 29 :
with 63 Q being the nuclear quadrupole moment. Unfortunately, directly measured values for 63 Q are not available. The commonly used value of 63 Q = −0.211 ± 0.004 b was obtained some time ago by Sternheimer 30 by interpreting excitation spectra with the Hartree-Fock approximation.
In Fig. 10 
with f = 1.2 = 1/0.83. This disagreement between calculations and experiments could be due to a systematic error in the theoretical determination of V zz or due to a higher value of 63 Q than assumed or due to both. It should also be noted that the NQR frequencies 63 ν Q depend on temperature as has been reported in detail by Matsumura et al. [31] for La 2 CuO 4 . According to the cluster calculations with variable lattice parameter a (see IV F) the general increase of 63 V zz with temperature in the paramagnetic region is mainly due to the lattice expansion.
Owing to the orthorhombic structure, the EFG at the planar Cu (2) is not axially symmetric in the compounds YBa 2 Cu 3 O 7 and YBa 2 Cu 4 O 8 but shows a slight anisotropy since V xx = V yy . The calculated anisotropy parameters η = |V xx −V yy |/|V zz | are η = 0.047 and 0.035, respectively.
The experimentally observed anisotropies have been reviewed by Brinkmann 32 . For the planar copper nuclei, they are somewhat smaller than our theoretical values. Of more importance, however, are the large η values (slightly below 1) measured for the chain copper, Cu(1), which are quite unexpected since Cu (1) is not at a crystallographic position that would imply η = 1 by symmetry arguments. An evaluation of the EFG at Cu(1) by cluster methods requires that at least the two nearest neighboring planar copper atoms in the CuO 2 -planes above and below the Cu (1) Recently, Kanigel and Keren
34
have reported NMR measurements for a series of fully enriched (Ca 0.1 La 0.9 )(Ba 1.65 La 0.35 )Cu 3 O y powder samples where doping can vary across the full range from the very underdoped to the extreme overdoped. They determined the nuclear quadrupole frequency from the four peaks of the powder spectra and obtained a convex curve of ν Q versus doping level which looks very similar to the one (triangles) shown in Fig. 8 . They used then also a simulation program to account for asymmetric peaks which provides an increase of ν Q with doping in the underdoped region but a saturation at the overdoped site.
V. MAGNETIC HYPERFINE FIELDS A. Theoretical determination
The hyperfine spin Hamiltonians for copper and oxygen nuclei in the CuO 2 planes of the cuprates are given by:
For copper, the hyperfine interaction contains an anisotropic on-site term, A, and a transferred term, B, from the four nearest copper neighbors, which is usually taken to be isotropic, since it is assumed to consist only of a contact term. We will, however, retain the tensorial notation of the transferred field, since we will also be able to calculate a dipolar part of the transferred interaction. For oxygen, the hyperfine interaction C is with the two nearest copper neighbors. We have already demonstrated in Refs. [3, 4] that for La 2 CuO 4 and YBa 2 Cu 3 O 7 it is justified to neglect transferred interactions from further distant copper neighbors, both in the case of copper and oxygen. On a first-principles level, the hyperfine interactions are basically well known, they consist of an isotropic hyperfine density, D, a dipolar interaction, T ij , and a spinorbit interaction term. The core polarization is given by the spin density at the nuclear site R and is evaluated as follows:
If it mainly originates from singly occupied s-electrons, it is called Fermi contact. In contrast, if it is due to a doubly occupied s-state which is polarized through the spin of other electrons at the same atom or on remote atoms, it is called core polarization. Since in our case, both contributions are present, we prefer to call D just the isotropic hyperfine density. The dipolar interaction is evaluated as
with
The estimation of the spin-orbit interaction will be discussed later. The above equations yield the total hyperfine fields and still have to be split into on-site and transferred contributions. To exemplify this splitting we first focus on the clusters with maximal multiplicity. In our clusters for YBa 2 Cu 3 O 6 we find copper atoms with no nearest neighbors (in a small Cu 1 cluster), with one (the corner copper in the largest Cu 13 cluster), with two (e.g. the corner copper in the intermediate Cu 9 cluster), with three (the edge copper in the Cu 13 cluster) and four nearest neighbors. We plot in Fig. 11 the value of the isotropic hyperfine density against the number N of nearest copper neighbors and find a linear dependence of D on the number of nearest copper neighbors. The value of D when there is no nearest copper neighbor present, is then the on-site contribution, and the slope of the fitted straight line in Fig. 11 is the transferred contribution per copper neighbor according to the ansatz
The numerical values for these two contributions are a iso = −2.00 a By a slight generalization of the ansatz (27) it is also possible to include results from clusters with lower multiplicities in the determination of on-site and hyperfine fields. We write
and similarly
For the hyperfine fields at the oxygen site, we make a completely analogous ansatz:
The connection between the fitting parameters α through γ and the actual hyperfine parameters is then given by scaling with the expected spin density in the infinite cluster for which we find a good estimate in the center of the largest Cu 13 clusters with ferromagnetic spin multiplicity for each substance, i.e. a iso = ρ s (Cu)α iso etc..
The quality of the ansatz can be estimated by suitably chosen plots as e.g. a plot of D(Cu i )/ρ s (Cu i ) against j∈N N ρ s (Cu j )/ρ s (Cu i ). (see Fig. 12 ). From the straight line, the fitting parameters α iso and β iso are determined and scaled with the expected spin density in the infinite cluster -as noted above -to get the hyperfine parameters a iso = −1.94 a In Table VI all hyperfine parameters as determined using the ansatz II can be found. We note that for the oxygen c dip refers to the direction along the bond between the two NN coppers, c ⊥ dip is perpendicular to the bond but still in the CuO 2 plane, while c zz dip denotes the direction perpendicular to the plane.
The contribution to the hyperfine fields that originate from spin-orbit coupling a α so are expected to be small in the case of oxygen. For copper, however, they are of the same order of magnitude as a iso and a dip . We are not in a position to determine them at the same level of accuracy as a iso and a dip and are thus forced to rely on a reasonable estimate. In the frame of an atomic picture with a single missing electron in the 3d x 2 −y 2 orbital the dipolar and spin orbit hyperfine interactions are given by (Ref. [35] )
(32) (A value of k = −0.044 was estimated in Ref. [36] ). In a molecule or solid where the missing electron spends some time on the oxygen ligands these expressions have to be modified. A simple modification is to replace the expression for a dip by multiplying it with 2−N x 2 −y 2 a (Table V) we obtain for La 2 CuO 4 a dip = −2.93 which is reasonably close to the directly determined value of −3.55 since actually the spin density should be used instead of the charge density. For the estimation of the spin-orbit contributions we thus assume that the relations (32) still hold in the cluster such that a so = 15.5ka dip and a ⊥ so = 2.75ka dip . The resulting values are given in Table VII .
In Table VIII 
B. Comparison with experiments
Although experiments cannot determine on-site and transferred hyperfine fields separately it is possible to extract various combinations of on-site and transferred fields using different experimental set-ups.
One constraint is the relation a tot + 4b tot = 0 which explains that the NMR spin shift measured with the field in c-direction does not change below the superconduction transition temperature T c in contrast to the spin shift measured with the field perpendicular to the c-axis. We postpone a comparison with our theoretical values to Sec. VI C.
A second experimental determination of a combination of on-site and transferred hyperfine fields is made possible through measurements of the NMR resonance frequency, 63 ν L , of the copper nuclei in the pure parent compounds La 2 CuO 4 and YBa 2 Cu 4 O 6 which are in the antiferromagnetic state. This determines the local magnetic field 63 γH loc = 2π 63 ν L which is commonly expressed as the corresponding hyperfine field in units of an effective electronic magnetic moment µ Sometimes the measured anisotropy between the copper spin-lattice relaxation times 63 T 1, / 63 T 1,⊥ has also been used to extract information about the hyperfine coupling constants. This, however, is only possible for the two extreme conditions of totally antiferromagnetic correlations (which is never achieved for the doped samples) or of no correlations, which would require measurements at very high temperatures.
In Table IX we compare our values for the hyperfine interaction energies with those published by several authors. An inspection shows that the deviations are not [36] , c) Ref. [39] , d) Ref. [40] , and e) Ref. [41] .
large but sufficiently strong to render further interpretations questionable. In particular, until more reliable values for the influence of the spin-orbit coupling on the hyperfine fields are known, it is prohibitive to make more precise statements. The copper Knight shift 63 K (T ) with the applied field along the crystallographic c axis, however, is constant over the whole temperature range, i.e. it is completely unaffected by the superconducting transition. Therefore, it was concluded that all of the measured Knight shifts are of chemical origin. The vanishing spin part of the Knight shifts was then explained by an accidental cancellation of the on-site and transferred hyperfine fields. As already mentioned in Sec. V our calculations of onsite and transferred hyperfine fields in substances of the La and Y families do not support this cancellation. In this section we will, in addition, give further evidence that the above sketched explanation of the Knight shifts in cuprates needs careful revision based on first-principles calculations of chemical shifts at the planar copper nuclei in La 2 CuO 4 , YBa 2 Cu 3 O 6 , and YBa 2 Cu 3 O 7 . Before we report on the results of these calculations, we point out that copper Knight shift measurements have long been misinterpreted due to a wrong assumption on the magnetic properties of the reference substance. As a remedy we introduce a new term, the paramagnetic field modification.
B. The role of the reference substance Knight shift measurements are in fact measurements of differences in resonance frequencies of a nuclear species k, in a target substance (t) and in a reference substance (r).
For copper Knight shift measurements the most often used reference substance is the monovalent CuCl. The Knight shifts are made up of two parts, a temperature independent chemical shift, k K L , and a spin shift, k K s . In this section we consider the contribution of the chemical shift.
For a theoretical determination of chemical shifts we need to know the chemical shieldings, σ, in the target and the reference substance. The connection to the measured chemical shift,
or, with the separation of k σ ii into diamagnetic (d) and paramagnetic (p) parts of the shieldings, by To avoid misinterpretations we find it most convenient to introduce here a new quantity, the paramagnetic field modification:
It is important to note that this paramagnetic field mod- We have, at present, no explanation for the discrepancy between theory and experiment. We would like to point out, however, that it was shown in Refs. [50, 51] that the measured Knight shifts below T c are field dependent and drop when reducing the applied magnetic field H. The theoretical calculations, of course, are in the limit of H → 0. Furthermore, it is also possible that impurities induce a finite density of states at T = 0, as was proposed in Ref. [44] . Both of the above two ideas imply that the measured Knight shifts at T = 0 are not entirely of chemical origin but also have contributions from spin degrees of freedom.
The temperature independence of the copper Knight shift when measured with the field in c-direction is most easily explained by an incidentend cancellation of the onsite and transferred hyperfine fields, i.e. a tot + 4b tot ≈ 0. In Table X evident that the calculations for one compound may fail to give the cancellations necessary for the easy explanation of the temperature independence of 63 K . To explain the behavior of 63 K both in La 2 CuO 4 and in the Y-compounds already requires a double coincidence. In addition, measurements on the electron doped material PrLaCeCuO 4 by Zheng et al. 52 also exhibit a temperature independent 63 K . In view of the differences in the lattice parameters in all three substances it is extremely intriguing that these cancellations of on-site and transferred hyperfine fields which are basically determined by chemistry, occur.
VII. SUMMARY AND CONCLUSIONS
We have performed large-scale ab-initio cluster computations of cuprates in order to determine the local electronic structure. The convergence of these local properties with respect to the cluster size is very good. An analysis of the charge and spin distribution in terms of contributions from the various MO and AO reveals distinguished features in all compounds under consideration. First, the copper 3d x 2 −y 2 AO is occupied by about 1.4 and the 3d 3z 2 −r 2 AO by about 1.9 electrons. The oxygen 2p σ AO contains roughly 1.65 electrons. This implies a total of 1.4 intrinsic holes per unit which is compensated by 0.4 − 0.5 electrons in the copper 4s AO. These partial occupancies of the non-spherical AO mainly determine the EFG values. The 4s AO is involved in the transferred hyperfine field. Good agreement between the calculated and measured copper EFG is found. The EFG values essentially depend on the differences between the Mulliken populations of the 3d 3z 2 −r 2 and the 3d x 2 −y 2 AO.
Simulating doping by two different methods shows that all these occupancies smoothly change and the general trends of changing copper EFG with doping level are reproduced. The removal of one electron by a dopant atom in the intra-layer induces only half a hole in the CuO 2 plane. The other half is in out-of-plane orbitals.
Spin-polarized calculations with various spin multiplicities enabled the determination of the antiferromagnetic exchange coupling and the various hyperfine fields. The contribution of the spin-orbit coupling, however, has only been approximately determined. The calculated total hyperfine fields are in rough agreement with those deduced from experiments. The values for the sum a tot + 4b tot are small but differ considerably among the substances under consideration. This in sharp contrast to the requirements set by the temperature independence of the copper Knight-shift 63 K observed in very different cuprates. We conclude that the out-of-plane orbital 3d 3z 2 −r 2 and the 4s orbital play a more important role than commonly assumed.
